Abstract: We demonstrate RF arbitrary waveform generation based on microwave photonic filtering. We use four-wave mixing in a silicon nanowire to increase the number of taps in an N-tap microwave photonic filter (MPF). Using a programmable optical filter, we can control the tap weights and, hence, the MPF response and corresponding generated waveform. We show uniform and apodized waveforms with four taps and seven taps with tunable central frequencies.
Introduction
Techniques for generating arbitrary RF waveforms are important for applications in radar systems, wireless communications, and remote sensing. In order to overcome the bandwidth limitations of electronic arbitrary waveform generation (AWG), photonic approaches attract significant interest [1] , [2] . Advantages of photonically-enabled RF-AWG also include the possibility for tuning, reconfiguration, and compatibility with fiber optic transmission. A variety of techniques for photonic generation of impulse radio (e.g., monocycle or doublet pulses) or multi-band UWB signals and arbitrary waveforms (particularly apodized waveforms) have been demonstrated for radio-over-fiber applications [3] - [6] . These include, amongst others, the use of optical frequency combs, nonlinear optical effects in fiber or semiconductor optical amplifiers, phase modulation-to-intensity modulation using discrimination filters, optical spectral shaping followed by wavelength-to-time mapping, and microwave photonic filters (MPFs).
The field of microwave photonic filters (MPFs) is extremely rich and the design of MPFs with reconfiguration and/or tuning capabilities has been the subject of intense research [7] - [9] . Many filter structures have been proposed, including notch responses, tailored responses involving complex tap coefficients, dispersive filters or those with specific phase profiles, and single or multi-passband responses. Typically, MPFs are based on discrete components resulting in bulky, benchtop implementations. In recent years, there has been a targeted focus on integration, particularly to address issues related to compactness, stability, power consumption, and ultimately mass production for reduced cost and practical deployment. Indeed, MPFs and microwave photonic systems integrated in silicon, chalcogenide, and III-V have been reported [10] - [13] . Those based in silicon are especially attractive for their compatibility with CMOS processing.
In this paper, we demonstrate RF-AWG based on an N-tap finite impulse response (FIR) MPF. The number of taps is increased using four wave mixing (FWM) in an integrated silicon nanowire (SNW) as a nonlinear medium; by controlling the amplitude of the taps, the MPF response can be varied, resulting in different waveforms. We discuss how the various building blocks can be integrated in silicon to achieve a fully photonic integrated circuit for RF-AWG.
Experimental Details
A schematic of the proposed generator is shown in Fig. 1 . It is based on a tapped delay line FIR MPF similar to that described in [14] and [15] comprising a set of optical carriers (filter taps) and a dispersive medium where partially degenerated FWM in a nonlinear medium, e.g., highly nonlinear fiber or SNW is used to increase the number of taps. We begin with M optical sources (or taps). By exploiting FWM, the number of taps N can be readily increased; generally, at least N ¼ 2M. Note that N depends not only on the number of optical sources M but also their power (i.e., sufficient power is required to exploit FWM carrier generation). A dispersive medium is used to create a time delay Á ¼ DÁ between the taps, where D is the dispersion of the medium (in ps/nm) and Á is the wavelength separation between two consecutive optical carriers.
The amplitudes or tap weights can be adjusted using a programmable optical filter. This allows control over the shape of the MPF response and correspondingly, the generated RF waveform. In order to tune the central frequency of the MPF response, the tap delay Á needs to be changed, which can be accomplished by varying either the wavelength separation Á of the optical carriers or the dispersion D. In contrast to the implementations in [14] and [15] , the taps are then further split by a 3 dB coupler. The two copies of the taps are delayed relative to each other by an additional amount of Á=2 before being detected with a balanced photodiode (BPD). The use of balanced operation allows the DC component of the detected electrical signal to be removed.
Note that the response of an MPF is measured typically using a vector network analyzer. In this case, a sinusoidal RF signal is used to modulate the optical taps and the corresponding detected signal is measured as a function of frequency. For AWG, we modulate the taps with a (broadband) RF impulse and the temporal signal at the output of the BPD corresponds to the synthesized waveform. Alternatively, assuming an ideal RF impulse (i.e., the power spectral density is broadband), the RF spectrum of the synthesized waveform corresponds to the MPF response.
Experimental Results and Discussion
The experimental setup is depicted in Fig. 2 . The SNW is 20 mm in length and has a cross-section of W Â H ¼ 500 nm Â 220 nm with a top oxide cladding. The SNW is designed to have a small amount of anomalous dispersion near 1550 nm with a dispersion slope $ 0 ps=ðnm 2 Á kmÞ for broadband FWM. Vertical grating couplers (VGCs) are used for input and output coupling and ensure operation with TE-polarized light in the SNW. The total fiber-to-fiber coupling loss is $22 dB; each VGC introduces $10 dB insertion loss which can be reduced using a doubled-etched design.
To demonstrate the principle of operation, we first consider M ¼ 2 optical sources. The output from a tunable laser source (TLS) and distributed feedback laser (DFB) at 1547 nm and 1550 nm, respectively, are combined and modulated using an electro-optic modulator (EOM) driven by an electric impulse generator (Picosecond Pulse Labs, 3600) at a repetition rate of 250 MHz; the resulting modulated optical pulses are 100 ps FWHM. The RF spectrum of the electrical impulse is shown in Fig. 2 (inset) . The modulated taps are amplified using a highpower EDFA to an average power of $14 dBm before being coupled in the SNW. After FWM in the SNW, the 4 output taps are amplified and their amplitudes are controlled using a benchtop programmable optical filter (Finisar Waveshaper 1000-S, WS). They are further amplified before propagating in a length of single mode fiber (SMF) as the dispersive medium; the length is set to provide a tap delay of Á ¼ 250 ps. The taps are then split equally into 2 branches using a 3 dB coupler; tunable optical delay lines (ODLs) are used to obtain a relative delay between the two branches of Á=2 or 125 ps. The average power in each branch is À3.6 dBm; the two branches are detected using a balanced photodiode (BPD, u2t, BPDV2020R) having a bandwidth of 45 GHz. The temporal waveforms and signal spectra are measured using a communications signal analyzer (CSA, operating in sample mode with a persistence time of 200 ms) and a 40 GHz RF spectrum analyzer (RF-SA), respectively. Fig. 3 shows the modulated optical pulse at the output of the EOM and after propagation through the SMF when only the TLS is used. There is negligible pulse broadening so that the effects of chromatic dispersion can be neglected, i.e., the SMF serves only to create the necessary delays between the taps.
We begin by considering the generation of a uniform waveform comprising four taps. The results are summarized in Figs. 4 and 5. Fig. 4 shows the optical spectrum at the output of the EOM (before the SNW), after FWM in the SNW, and after the WS. Fig. 5(a) and (b) shows the temporal waveform and RF spectra when only one of the two ports of the BPD is used while in Fig. 5(c) and (d) , the waveform and RF spectrum are shown when operating in the balanced regime. As expected, when using only one port of the BPD, the RF spectra are similar; however, balanced detection allows for the DC component of the corresponding electrical signal to be removed. The RF spectrum is centered at 3.98 GHz and exhibits a shape that is expected for an MPF comprising uniform taps (see further [15] ). We also show simulated temporal waveforms and RF spectra; they are in excellent agreement with the measurements.
Next, we demonstrate the capability of our scheme to shape the generated waveform and tune the central frequency. First, we control the tap weights using the WS to generate sawtooth and Fig. 3 . Optical pulses at the output of the EOM (solid blue) and after the SMF (dotted red) confirming that pulse broadening due to chromatic dispersion is negligible. Fig. 7 , we clearly observe a reduction in the sidelobes. Next, we shorten the length of SMF to obtain a tap delay Á ¼ 180 ps. Fig. 7(c) and (d) shows the apodized waveform corresponding to the same tap weights as in Fig. 7(a) and (b) , but with the new tap delay (the ODLs were readjusted to provide a relative delay of 90 ps between the two branches connected to the BPD). The temporal waveform exhibits a "skew" which is due to the fact that the pulses corresponding to the taps overlap slightly in time, i.e., the separation between a positive and negative pulse is 90 ps whereas the duration of each pulse is 100 ps. Nevertheless, the RF spectrum shifts to 5.49 GHz and exhibits a similar shape to that in Fig. 7(b) .This could be useful for applications such as multiband-UWB communications whereby different UWB waveforms are required to occupy specific spectral bands within the 3.1 GHz-10.6 GHz UWB window [3] - [6] .
To provide further flexibility in reconfiguring the output waveform, it is necessary to increase the number of taps. We modify our setup slightly to incorporate a third TLS as an optical source. The three input wavelengths (before the EOM) are 1546 nm, 1550 nm, and 1552 nm. They are modulated with the RF impulse and amplified to an average power of 22.7 dBm before being launched into the SNW. At the output of the SNW, there are 10 peaks, of which seven have sufficient power and optical signal-to-noise ratio (OSNR) to be useful for RF-AWG. Fig. 8 shows the optical spectra before and after FWM in the SNW. We use the WS to generate an apodized waveform with seven taps, as shown in Fig. 9 (in this case, Á ¼ 220 ps). In principle, the larger number of taps should allow us to synthesize more carefully an apodized waveform with an improved RF spectrum. In our case, however, the taps at the extreme (indicated in Fig. 8 ) have limited power and OSNR, and as such, we cannot adjust the tap weights further to improve the signal quality. By reducing the coupling losses associated with the VGCs, we expect to overcome this limitation and be able to use fully at least seven of the taps available at the output.
In our demonstration, single carrier frequency waveforms are obtained due to the uniform tap delay. It is possible to create chirped and other waveforms based on non-uniform tap delays. For example, for a uniform wavelength spacing between taps, a nonlinear dispersive medium, e.g., implemented with a nonlinearly chirped grating, can be used. Note further that with modulated optical pulses of 100 ps FWHM, our generated waveforms will not have features faster than 10 GHz. Shorter RF impulses (equivalently with broader spectrum) will allow a greater range of waveforms to be synthesized.
We now discuss the feasibility of integrating our proposed RF generator on a single chip based on available silicon photonics technologies. In particular, the following required building blocks have been demonstrated and are available: 1) a programmable optical filter (or an integrated version of the WS), 2) optical delays, 3) high bandwidth modulators, and 4) BPDs. First, in [16] , Khan et al. reported a silicon photonic chip-based spectral shaper. The spectral shaper incorporates cascaded micro-ring resonators and Mach-Zehnder input couplers at the through port of each ring. Micro-heaters are used to control independently the corresponding resonant wavelength of each ring as well as the depth of each resonance. In this context, FWM generation in SNWs followed by the integrated spectral shaper will provide a straightforward means for increasing the number of taps as well as controlling their amplitudes. Second, various forms of optical delays in silicon have been demonstrated [15] , [17] - [20] . These include delay lines based on photonic crystals, coupled ring resonators, and various Bragg-grating structures such as serial grating arrays, step-chirped gratings, and continuously chirped gratings. With grating structures, delays up to several hundreds of ps spanning a few nm [19] , [20] or tens of ps spanning broader wavelength ranges [15] are accessible. Next, high-performance silicon modulators have been demonstrated [21] and can be readily integrated with high bandwidth driver circuits [22] . To generate the two copies of the taps that are temporally separated by Á=2 before balanced detection, we can use integrated delay-line interferometers (DLIs) that have been nominally developed to demodulate DPSK signals [23] . In this case, the output coupler of the DLI is removed and the waveguides are connected directly to the detector. Finally, Hai et al. recently demonstrated silicon-based BPDs with bandwidths sufficient for detecting impulse radio or multi-band UWB signals [24] . Monolithic integration, though, may not be possible due to the need for on-chip amplification.
Conclusion
We have proposed and demonstrated an approach for reconfigurable and tunable RF-AWG based on microwave photonic filtering. The MPF is a based on an N-tap FIR response filter; FWM in a SNW is used to increase the number of taps available. By controlling the tap weights and delay, the MPF response can be shaped and tuned, corresponding to different generated waveforms. As a proof-of-concept, we showed uniform and apodized waveforms with four taps starting from two optical sources and an apodized waveform with seven taps starting from three optical sources. We have discussed how our generator can be integrated onto a single chip. We believe that our scheme is simple to implement and can be readily used for RF-AWG applications.
